Abstract: Broad-area laser (BAL) diodes have found use in numerous applications requiring multi-watt powers, but remain limited by poor spatial beam quality. A novel laser cavity that enhances the brightness of a BAL array has been demonstrated. Wavelength beam combining (WBC) is used to spatially overlap output from the emitters. Improved beam quality is achieved by imaging the fast-axis mode onto the slow axis of the BAL array. The brightness is enhanced twofold over a typical Littman-Metcalf WBC cavity, reaching 47 MW·cm −2 ·sr −1 at an output power of 1.16 W. Brasseur, "85% power conversion efficiency 975-nm broad area diode lasers at -50°C, 76% at 10°C," in
Introduction
High power laser sources with good spatial beam quality are desirable for many applications including printing and marking, pumping of solid state lasers, imaging and tracking, and for use in nonlinear optical processes including optical parametric amplification and difference frequency generation. Fiber lasers are a top contender for high power applications requiring excellent beam quality, with commercially available fiber lasers producing kilowatt singlemode output powers and wall-plug efficiencies of ~30% [1] . However, fiber lasers require optically pumping with high power semiconductor diode lasers, fundamentally limiting the efficiency and power. Diode lasers themselves are a particularly attractive source platform as they offer a cheap, simple, compact, and efficient means to generate laser output across a broad spectrum, spanning the visible to the mid-infrared, directly from electrical current. While single-mode laser diodes are commercially available, continuous wave output powers remain limited to a few watts [2, 3] due to high irradiances resulting from the small transverse dimensions required for single spatial mode operation. Tapered amplifiers can be used in conjunction with single mode laser diodes to increase continuous-wave powers up to several watts [4] . On the other hand, broad-area laser (BAL) diodes can produce continuous-wave powers in excess of 10 W [5] , and have found utility in applications including cutting and welding and as high-power pump sources for fiber and solid state laser systems. Electrical-tooptical efficiencies exceeding 76% have been demonstrated at 980 nm [6] . Furthermore, multiple BALs can easily be fabricated on a single chip to create arrays, bars, and stacks that can produce kilowatt-level output powers [7] . However, BALs have inherently large lateral dimensions (100s of microns) and support multiple transverse modes [8] . Multimode emission reduces beam quality and precludes use in applications requiring conventional mode-locking or diffraction-limited spatial resolution.
External cavities provide a means to spatially and spectrally control feedback to diode lasers beyond the intrinsic feedback produced from monolithic structures. Improvements in the beam quality of BALs have been demonstrated using external cavities which employ unstable resonator structures [9] , off-axis optical feedback [10] [11] [12] , intracavity spatial filtering [13, 14] , and phase locking via the Talbot effect [15, 16] . Using these external cavity techniques, the output from individual emitters within a BAL array can be spatially combined to produce a single output beam with increased total spatial radiance or brightness (power per square area per solid angle) [17] . Brightnesses as high as 79 MW·cm −2 ·sr −1 [18] have now been demonstrated at 980 nm from a BAL array in an external cavity. While demonstrated external cavity techniques can improve BAL beam quality, the cavities are relatively complex and have limited usable current ranges or limited potential for beam combing. Talbot cavities can only be implemented through coherent beam combining as they produce phase-locking of adjacent emitters. Off-axis cavities show reduced electrical-to-optical efficiencies due to mismatch of the double-lobed output mode with the truncated output mode used for feedback and the gain profile [10] . Unstable resonators typically require additional nontrivial etching of diode facets [9] .
In this paper, a new technique to improve the beam quality from BALs is demonstrated. The diffraction-limited fast-axis mode of the BAL is imaged onto the slow-axis facet, resulting in a twofold reduction of the slow-axis (combined) M 2 value and a corresponding twofold increase in brightness compared with a standard Littman-Metcalf wavelength beam combined cavity. The method is versatile and broadly applicable to BAL single emitters and arrays employing either coherent or wavelength beam combining.
Laser concept
The maximum output power from a single BAL is ultimately limited by either thermal rollover or catastrophic optical damage. Thermal roll-over results from heating of the diode junction causing increased leakage current. Catastrophic optical damage is caused by nonradiative surface recombination at the diode facet [19] . To avoid these limitations and reach higher optical powers, multiple BALs can be placed side-by-side in a tiling arrangement. While tiling increases the total output power by a factor equal to the number of emitters, the spatial radiance or brightness remains equal to that of a single BAL [17] . The brightness can be increased if each laser's output is spatially overlapped. Beam combining schemes accomplish this by controlling the phase or frequency of the emitters. The result is scaling of the output power and brightness in proportion to the number of emitters [17] . In coherent beam combing, multiple lasers are forced to operate at the same wavelength, and the relative phase of the output emitted by each laser is locked. Wavelength beam combining (WBC) is analogous to wavelength-division-multiplexing in fiber and relies on locking each laser to a different wavelength and spatially combining the outputs into a single beam. Typically, the beams from individual elements are spatially overlapped using a lens and a diffraction grating. The resulting beam has increased spatial radiance at the expense of reduced spectral radiance (power per square area per solid angle per wavelength). To increase the brightness of a WBC source, one can either increase the number of individual laser sources being combined or improve the beam quality produced from each emitter. Using mode imaging in a WBC cavity the beam quality produced from each emitter within a BAL array has been improved, allowing a maximum brightness of more than 45 MW·cm −2 ·sr −1 to be achieved at an output power of > 1 W. Performance was compared to a standard WBC cavity with and without an intracavity slow-axis spatial mode filter. The maximum brightness of the mode-imaging WBC cavity is found to represent nearly a twofold increase in brightness over a similar standard WBC cavity without any mode filtering.
All three WBC cavity configurations use an anti-reflection-coated BAL array containing nineteen 100-µm wide emitters with a center-to-center separation of 500 µm (Jenoptik). The basis of all three cavity configurations is illustrated in Fig. 1(a) . First, the fast and slow axes of the array are collimated. In the slow axis, the collimated beam from each emitter is then imaged onto an 1800 lines/mm holographic diffraction grating using a 100-mm focal length transform lens placed one focal length away from both the array and the diffraction grating. Together, the element-to-element spacing of the array, the focal length of the transform lens, and the groove density and diffraction angle of the grating determine the spectral content of the combined output [20] . The first-order diffracted light then passes through a 500-mm focal length secondary fast-axis collimating lens which minimizes the beam divergence in the fast axis. Next, a 1.5:1 slow-axis telescope is used to shrink the slow-axis waist of the beam to more closely match the waist in the fast axis, reducing beam astigmatism. Efficient operation of the mode-imaging cavity requires the described astigmatism correction. An adjustable slit is placed at the focus of the slow-axis telescope. This slit can be left open or closed to a width of 130 µm ± 25 µm and used as an intracavity slow-axis mode filter. Following the slow-axis telescope is an uncoated 3° BK7 wedge used to pick off portions of the combined beam for beam quality and spectral measurements. In the case of the mode-imaging cavity, the dashed box in Fig. 1(a) contains the loop mirror shown in Fig. 1(b) . In this configuration, the intracavity slit is left open, and the output power is measured using the zeroth-order diffracted light off of the grating from the returning, spatially-combined beam. In the case of the standard cavities, the dashed box contains only a 30% reflective flat output coupler and a thermal head used to measure the total output power of the combined beam, as shown in Fig. 1(c) . Both the mode-imaging cavity and the standard cavities are relatively long, with effective lengths of 1.7 m and 1.3 m, respectively.
The loop mirror is used to swap the fast-and slow-axis modes emitted from the array and is comprised of a half-wave plate, polarizing beam cube, hollow metal retroreflector, and two silver steering mirrors. The retroreflector is used as a right-angle prism with light reflected by only two sides. The 90° intersection of the two sides represents the reflection axis for the incident beam. The reflection axis is oriented perpendicular to the propagation direction of the incident beam and rotated 45° relative to the fast and slow axis of the BAL emitters. Figure 2 illustrates the mechanism for swapping the fast-and slow-axis spatial modes with the retroreflector. For simplicity, the beam is depicted as astigmatic and centered on the retroreflector's reflection axis. In the actual implementation of the loop mirror, the beam is well off-axis, on the retroreflector. The two silver steering mirrors are then used to overlap this shifted beam with the incident beam on the polarizing beam cube. The result of the loop mirror is that the near single-mode fast-axis beam is rotated 90° and imaged back upon the much larger slow-axis facet, and vice versa. This results in increased feedback to the fundamental mode supported in the slow axis of the broad area emitters and suppression of the higher order modes which have less spatial overlap with the ~1 µm wide fast-axis mode.
For maximum feedback to the laser diodes, the half-wave plate is set to rotate the transverse electric (TE) polarization (parallel to the slow axis) amplified by the laser diodes by 45° as shown in Fig. 2(a) . The polarization at the retroreflector is now parallel to the 90° intersection of the two sides of the retroreflector. Now the polarization is invariant when the fast-and slow-axis spatial modes are swapped during retroreflection as indicated in Fig. 2(b) . The polarization of the retroreflected beam remains identical to that of the incident beam as it is rotated back to purely TE by the half-wave plate, as shown in Fig. 2(c) , allowing all of the retroreflected light to be amplified by the BAL emitters. While the holographic grating used has a diffraction efficiency of ~90% for the TE polarized light emitted by the laser diodes, the diffraction efficiency for the transverse magnetic (TM) polarized light is only ~10%. Therefore, the TM component of the retroreflected light is outcoupled directly from the zeroth-order retroreflected beam off of the grating with ~90% efficiency. By rotating the halfwave plate, the grating can be used as a variable reflectivity output coupler. Since only the TE polarization component of the retroreflected beam is amplified, controlling the amount of retroreflected light that is TE polarized controls the feedback. Some TM light that cannot be amplified is always incident on the array elements. While this was not a problem for the ~1 W output powers measured here, at higher powers TM polarized light could cause excess heating in the BAL emitters and degrade the array's performance. This potential problem can be easily mitigated with an optimized grating or an additional polarizing beam splitter placed between the grating and the half-wave plate.
The retroreflector uses an off-axis reflection to provide feedback via the loop mirror. The off-axis implementation is used to prevent beam distortions in the retroreflected beam. When the incident beam is centered on the reflection axis, distortion is evident, as shown in Fig. 3(a) . This can be compared with Fig. 3(b) , showing an image of the beam reflected offaxis which looks nearly identical to the incident beam, shown in Fig. 3(c) for reference. For an on-axis reflection, interference between the two sides of the incident beam causes the distortion. The two sides of the retroreflector are not at exactly 90° (angular tolerance is specified as ± 2 arcseconds, equal to ± 0.01 mrad), and the two beams walk across each other after reflection.
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Results and discussion
Optical spectra, power, and beam quality were measured for all three WBC cavity configurations. Together, these measured quantities are used to compare the brightness achieved for each configuration. In the mode-imaging cavity, the distance between the lenses used in the 1.5:1 slow-axis telescope is re-optimized for output powers greater than 1 W (currents > 8 A). Increasing the separation between the telescope lenses with larger drive currents optimized the output power and beam quality. The optimal separation increased monotonically over the range of currents investigated, reaching a maximum of 8 mm at 11 A and 1.62 W output power. The behavior suggests the formation of a thermal lens within the BAL emitters [21] and increased overlap of higher order modes with the gain profile within the emitters relative to overlap of the fundamental mode. An output spectrum from the mode-imaging WBC cavity is shown in Fig. 4(a) . The spectrum shows multiple individual emission peaks within a bandwidth of about 25 nm. Each emission peak is produced from one emitter in the array. The center wavelength of each peak is determined by the array pitch and cavity optics, and depends on the incident and diffraction angle of the beam from each emitter relative to the grating [20] . The output spectra for all three laser configurations are nearly identical.
The L-I characteristics for all three laser cavity configurations are shown in Fig. 4(b) . The threshold current and slope efficiency are 4.1 A and 0.42 W/A, respectively, for the standard Littman-Metcalf WBC cavity without any mode filtering. The threshold currents for both the standard cavity with intracavity mode filtering and the mode-imaging cavity are similar, and the slope efficiencies are nearly identical at 0.26 W/A and 0.24 W/A, respectively. The standard cavity with the intracavity mode filter did not generate output powers beyond 1.02 W even for currents above 8.5 A. This corresponds to the same current where optimization of the slow-axis telescope becomes necessary in the mode-imaging cavity. Thermal lens formation within the BAL emitters may cause reduced transmission through the intracavity slit. Additionally, the anti-reflection coating on the BAL array is imperfect, and drive currents of ~10 A correspond to chip-mode lasing without an external cavity. At 8.5 A, the gain in the fundamental external cavity mode may become equal to the gain of the higherorder chip modes. Further increasing the current would increase the relative gain for the chip modes and thus cause a reduction in the observed power in the fundamental mode circulating within the external cavity. The beam quality is determined by focusing the beam reflected from the uncoated 3° wedge with a 100-mm focal length achromatic doublet lens and measuring the fast-and slowaxis beam waists with a CMOS camera at several positions. The measured fast-and slow-axis beam caustics were fit using the standard hyperbolic equation [22] with the minimum waist, the axial position corresponding to the minimum waist, and the M 2 factor as free parameters.
The fast-axis M 2 values range from 1.2 to 1.4 for all cavity configurations, and the measured slow-axis beam quality as a function of output power for all three cavity configurations is shown in Fig. 5(a) . The slow-axis M 2 increases with output power for all cavity configurations. Both the standard WBC cavity with mode filter (red circles) and the modeimaging cavity (blue triangles) show dramatic improvement in beam quality over the standard cavity with no mode filtering. While both cavity configurations show similar trends for the measured slow-axis M 2 values, the standard cavity with slow-axis mode filtering could not generate output powers beyond ~1 W. However, the mode-imaging cavity data shows that the M 2 values remain low until an output power of 1.16 W is reached, after which the beam quality quickly degrades. The drive current corresponding to these transitions coincides closely with the threshold current for lasing observed for the BAL array without any external cavity feedback. Improving the anti-reflection coating on the front facet of the diodes or angle cleaving the laser facets should permit higher powers to be reached before observing substantial degradation in the beam quality.
The radiance or brightness, B, of the WBC lasers is given by [17] ,
where P is the output power, λ is the center wavelength, and M x 2 and M y 2 are the slow-and fast-axis M 2 values. Brightness computed using Eq. (1) as a function of total output power for all three cavity configurations is shown in Fig. 5(b) . Again, the standard cavity with mode filtering and the mode-imaging cavity are seen to have similar brightness for output powers up to ~1 W, reaching peak values in excess of 45 MW·cm −2 ·sr −1 , approximately a factor of two more than that of the standard cavity without mode filtering at the same output power. The brightness for the mode-imaging cavity is seen to degrade at output powers beyond 1.16 W as a direct consequence of the rapid increase in the slow-axis M 2 values. 
Conclusion
A novel technique to dramatically improve beam quality produced from BALs in which the emitted fast-axis mode is reimaged back onto the slow-axis dimension of the laser facet has been demonstrated. Together, the fast-axis lens and BAL facets function as optical Fourier filters, suppressing lasing of higher-order transverse modes within the external cavity. The technique is simple and broadly applicable to BAL single emitters and arrays employing external cavity feedback, including both coherent and wavelength beam combined systems. Slow-axis M 2 values of ≤ 2 at output powers up to 1.16 W have been achieved from a BAL array in a WBC cavity employing this mode-imaging technique, producing a maximum brightness of 47 MW·cm −2 ·sr −1 at a center wavelength of 983 nm. The beam quality improvement from the mode-imaging cavity configuration closely parallels that observed from a standard WBC cavity employing a slow-axis telescope and slit as an optical Fourier filter due to filtering characteristics of the mode-imaging cavity. To the authors' knowledge, this work represents the first application of intracavity Fourier filtering to an array of singlestripe BAL emitters, with demonstrated output powers and brightnesses in excess of those reported for the near single mode emitters within the multi-stripe array used in [13] .
Both intracavity Fourier filtering and the newly demonstrated mode-imaging technique have been demonstrated to improve the beam quality from a BAL array within a WBC setup. The mode-imaging technique achieved ~20% higher output power compared with the mode filter cavity before significant beam quality degradation was observed. Simplifying the modeimaging cavity setup by employing fewer optical components may further increase the maximum output power and brightness. For example, utilizing matched fast-and slow-axis collimating lenses which produce astigmatic beams directly from the emitters would allow the secondary fast-axis collimating lens and the two slow-axis telescope lenses to be removed from the current setup. Fewer optics and better fast-and slow-axis mode matching would reduce intracavity losses, provide simpler and more robust cavity alignment, and allow much shorter cavity lengths to be realized. At high powers, competition from chip-mode lasing is expected to spoil the beam quality. Increasing the lasing threshold of the BAL array through better anti-reflection coatings or utilizing emitters with angled facets should increase the usable output power and maximum brightness.
